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ABSTRACT
The purpose of this research was to develop a method that would
quantify the divalent cations in aqueous solutions of sodium
carboxymethylcellulose. The technique employed for the elemental analysis
was Inductively Coupled Plasma Emission Spectroscopy (ICP). It was found
using multiple filtrations, through filters of different pore sizes, that the polymer
could be removed from solution thus allowing the remaining cation
concentration to be determined. The data obtained suggest that ICP ES allows
precise determination ofMagnesium, Calcium, or Strontium concentrations for
CMC solutions of varying ionic strengths. The method was then used to look
for trends between the percent of cations remaining in solution and viscosity.
In addition, JR data that may suggest the possibility of polymer cross-linking
was obtained.
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I. INTRODUCTION
Sodium carboxymethylcellulose (CMC) is an anionic water-soluble
polymer. It is probably the most studied derivative of the cellulose ethers. It is
a flow control or thickening agent that is used for a wide range of applications
in foods and pharmaceuticals.
An example of CMC's pharmaceutical use is the formation of topical
treatments for diseases of skin and mucosal surfaces. An example of a
commonly known disease in this category is Herpes Simplex I and U. A current
test medication designed to enhance healing is prepared as a liquid. To
reconfigure this medication as an acceptable drug delivery system it is
necessary to substantially increase the viscosity. By increasing the viscosity
you increase the time in which the drug additive is in contact with the affected
area. In addition, the optimum shelf life of such a medication should be two to
three years.
Cellulose is a linear polymer comprised of p-anhydroglucose units.
Figure 1 shows how a (3-1, 4 glycosidic oxygen bond combines each of the
monomer units of the CMC cellulose polymer.
>v
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Figure 1. Monomer unit ofCMC with aDS ofl
As indicated in Figure 2, CMC is prepared by reacting the cellulose hydroxyls
with sodium monochloroacetate.
HCH2OH H OH
OH
H OH CH2OH
O
1 1 NaOH
+ ClCH2CONa ^
Figure 2. Preparation ofCMC
As a thickening agent, the properties of CMC are dependent on the
degree of substitution (DS) and the distribution of the substituents along the
cellulose molecule. The degree of substitution is defined as the average number
of the three cellulose hydroxyl groups in the (3-anhydroglucose unit which have
been carboxymethylated. The commercial grade CMC that has been used in
this study has a DS of 0.7.
Studies regarding the conformational behavior of CMC as a function of
ionic strength and a hypothesis for deterrnining the maximum viscosity of
sodium carboxymethylcellulose in solutions of divalent cations of high ionic
strength have been performed.2'3In particular, the later research has lead to
speculation that the viscosity trends of CMC solutions containing divalent salts
are governed by the ionic strength of the solution. Shortly after preparation at
high ionic strengths all of the CMC/divalent salt solutions exhibited a sharp
decrease in viscosity accompanied by a precipitate. It is believed, but has not
been confirmed, that the CMC polymer is salting out of the
solution.1
The focus of this research was on the methods development of a
technique that would quantify the divalent cations remaining in the solution. In
addition, an attempt will be made to uncover viscosity trends that exist with
relation to the percent of cations involved in electrostatic associations. Finally,
the precipitate from the prior studies was characterized.
II. THEORY
A. Viscosity
When CMC is added to an aqueous environment the polymer swells to
form a clear solution that will vary in viscosity depending on the concentration
and molecular weight. The viscosity of a solution is defined as the resistance to
flow caused by its internal friction.
Consider a fluid that is present between two planes as in Figure 3. If
plane 1 is moved in the y direction by an applied force and remains at a
constant distance from plane 2, the layer of fluid in immediate contact with
plane 1 will have an identical velocity. The layer of fluid in contact with
plane 2 has no velocity, however, the velocity for the regions in between
changes linearlywith distance.
MjvingPjane
SaionaryPjane
Plane 1
Plane 2
Figure 3. Velocity gradient in afluid due to a shearing action
The viscosity is represented mathematically using Newton's Law of
Viscosity,
o=r\y.4 Where o is shear stress, T| is the coefficient of viscosity and
y represents the rate of change of velocity with respect to distance or the shear
rate. This law states that the proportionality constant between the force applied
per unit area and the rate of shear is the viscosity, T|. The SI units for the
-i-i -1 -K
coefficient of viscosity T| are
kgm"
or poise
(gem"
)
1. Types ofViscosity Behaviors
There must be an appreciation of the two viscosity categories under
which CMC solutions can be classified, (see Figure 4). The categories are
Newtonian systems and non-Newtonian systems. Newtonian behavior is
seldom the case with CMC solutions. Solutions that exhibit Newtonian
behavior exhibit a linear relationship between the shear stress, o, and the rate of
shear, y. Therefore, the viscosity remains constant, as the shear stress and the
rate of shear increase proportionally. Non-Newtonian systems on the other
hand exhibit viscosities that vary as the shear stress and shear rate is
changed.5
pseudoplastic (non-Newtonian)
shear stress
slope = T|0
shear rate
Figure 4. Newtonian Systems vs. Non-Newtonian Systems
Non-Newtonian CMC solutions display both pseudoplastic and thixotropic
behavior. Pseudoplasticity is the time-independent reduction of the solutions
viscosity as a shear stress is
applied.5(see Figure 5)
n Newtonian
pseudoplastic
shear rate
Figure 5. Pseudoplastic Behavior
Upon removal of the shear stress, the viscosity will instantly return to its
original state. Thixotropic conditions are slightly different. These solutions are
characterized as displaying time-dependent viscosity behavior, (see Figure 6)
If the shear stress is removed and the solution is allowed to stand its viscosity
will increase over time. However the viscosity of such solutions not only
increases but also surpasses the original observed value. This behavior is a
common characteristic among solutions made with CMC products that have a
DS value below l.O.5
viscosity no shear
tune
Figure 6. Thixotropic behavior
B. Ionic Environment Effects
The effect of ionic environments on polymer or CMC solution viscosity
varies depending on the type of salt, ionic strength, pH of the solution, and the
preparation method. In a low ionic strength environment, CMC is typically a
semi-flexible polyelectrolyte. The polymer chain will bend only slightly due to
the mutual repulsion between the anionic charges. It is at this point that the
electrostatic free energy is at its maximum. As the ionic strength increases,
counterions diffuse into the polymer coil, thus lowering the electrostatic
potential by screening the anionic sites. As a result, the chain conformation
changes. The polymer is more fully stretched and the mobility in the solution
increases. This increase in mobility is manifested as a decrease in solution
viscosity.
1. Phase Separation
The classical mechanism for precipitate formation is the polymer activity
coefficient decreases as the salt activity coefficient increases. To understand
this statement there must be an appreciation for the definition of a phase. A
phase is said to be uniform, both in physical and chemical composition. A
single phase system can separate into two or more phases providing there is a
change in the equilibrium.
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Consider a system comprised of two phases, a and p\ that are in contact.
Equilibrium between the phases is said to exist for component / when the
chemical potentials of the component in both phases are equal. This can be
represented by equation 1.
A change in the chemical potential of either phase is expressed by the change in
activity of the component i, a,-. This thermodynamic quantity can be related to
the chemical potential using
H , = n : + RT In a . (2)
Where
|ij is the standard state chemical potential of the pure component, R is
the gas constant 8.314 J/mol K and T is the temperature of the system in Kelvin.
Equation 2 holds true only for an ideal solution.
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The activity of component i is expressed as follows:
, = /,- X t (3)
Yi represents the activity coefficient of component i in solution and Yi deviates
from 1 when the solution is non-ideal. %i is me mole fraction of i.
Experimentally there is no way to attribute one part of the non-ideal behavior to
the cations and the other part to the anions. The mean activity coefficient, Y , is
expressed as:
r = (r+
y-)1'2
(4)
The strength of the coulombic interaction between ions probably governs the
display of non-ideality. This is the focus of the Debye-Huckel theory of ionic
solutions. The Debye-Huckel Limiting Law leads to the calculation of the
mean activity coefficient using equation 5.
log
y=-\z+z_\Auy'2
(5)
Where A = 0.509/(mol
kg"1)172 for aqueous solutions at 25C, and Z is the
charge of the ion, and I is the ionic strength of the solution.
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As stated earlier the activity coefficient is a means ofmeasuring the non-
ideal behavior of a solution. At high ionic strengths the salt activity coefficient
will increase therefore reducing the activity coefficient of the polyelectrolyte
and decreasing its solubility. The decrease in solubility causes ions to
precipitate out of solution. This precipitate or phase separation due to a high
ionic strength environment is referred to as "salting
out".2
C. Counterion Binding
A polyion is a polymer comprised of repeating charge units. A
polyelectrolyte solution contains a polyion salt that is charge balanced by
smaller ions of opposite charge.
Typically these counterions are not bound to the polyion by covalent
bonds. Two distinct binding states have been characterized, site binding and
territorial
binding.6,7 Counterions that are in direct contact with the charged
groups on the polyion are referred to as site bound. The counterions that are not
site bound are considered territorally bound. Territorially bound counterions
have a regional association with respect to the charged groups. The counterions
13
can be drawn to the polyion as a whole, by the strong anionic field. Once there,
they have the ability to move about the surface of the polyion
randomly.8The
random movement is governed by the coulombic fields of the charged groups.
D. ICP Spectroscopy
The technique chosen to attempt quantification of the divalent cations in
CMC solutions is Inductively Coupled Plasma Emission Spectroscopy (ICP).
ICP is a relatively new spectroscopic method, having been developed in the mid
1970's. It is an elemental analysis method that allows the presence of and/or
concentration of various metals and non-metals to be determined. While
closely resembling the Flame Atomic Absorption technique, ICP has become
the leading source for quickmulti-element analysis.
ICP Spectroscopy uses a plasma as a means of sample atomization.
Figure 7 illustrates an inductively coupled plasma source called a torch. A
plasma, by definition is an electrical conducting gaseous mixture that contains a
large number of cations and electrons. The plasma is generated when a spark
from a Tesla coil ionizes the streams of argon flowing through the inner quartz
14
tubes. Upon ionization the ions then come in contact with the magnetic field
created by the induction coil surrounding the quartz tubes. The ions are then
restricted to moving in a closed circular path. Their resistance to the circular
movement produces the heat that creates the intense yellowish-white, cone
shaped
plasma.9
Within various parts of the plasma the temperature can range from
4000K to 10,000K. Therefore atomization is more complete than in the Flame
AA technique. The plasma source introduces other advantages, such as very
low detection limits for some elements and high accuracy and precision in
concentration determination.
15
Radio-frequency
duction coil
Sample aerosol
or vapor in argon
Tangential
argon plasma
support flow
Figure 7. Inductively CoupledPlasma Source (Torch)
The sample introduction in ICP analysis is very similar to that of Flame
Atomic Absorption Spectroscopy. The sample to be analyzed is transported
into the core of the plasma as an aerosol. It is in the core of the plasma region
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that ions of different elements are excited thus emitting light. The light emitted
is focused into a monochromator which measures the emission of different
elements sequentially. The resulting signal depends on the number of analyte
ions present within the plasma and those that were excited.
A limitation of ICP Emission Spectroscopy, however, lies within the
sample introduction system. The analyte to be quantified must be in solution
and the solution must contain no insolubles. For these insolubles can become
clogged in the tubing, preventing sample introduction into the plasma or
causing instrument damage. In most cases, any insolubles remaining after
sufficient sample preparation (i.e. acid digestion, fusion, muffle furnace
heating) can normally be filtered.
Situations arise where the sample preparation can present a great
challenge. Such is the case for the CMC solution study. It has been found that
a series of filtrations can be used to separate the precipitate from the solution.
This would enable the cations in the solution to be isolated and individually
analyzed. It is imperative that the suspected polymer precipitate be completely
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removed before successfully analyzing the solution. Otherwise, the instrument
could be severely damaged. It has been shown in this work that a series of
filtrations provide sufficient separation of the polymer from solution.
E. Infrared Spectroscopy
Infrared spectroscopy is a widespread application used for a number of
analyses of organic substances, whether qualitative or quantitative. Its greatest
application, by far, has been the qualitative analysis of organic compounds. In
general it is valuable for the identification of unknown materials, functional
groups and other structural information.
The infrared region of the electromagnetic spectrum covers the radiation
range of approximately 12,800
cm'1
to 20 cm"1.9However, the mid-portion
from 4000 to 400 cm"1is the leading range of interest. This being because
organic molecules absorb wavelengths in the mid-infrared region more than the
near-infrared (12,800 to 4000 cm"1) or far-infrared (200 to 10 cm"1) regions. All
molecules possess various amounts of energy throughout their structure causing
unique vibrational motions between bonds and atoms. These unique vibrations
18
fall into the categories of stretching and bending. Stretching vibrations are
motions related to the change in the inter-atomic bond length between two
atoms. Bending vibrations are associated with the change in the angle between
two bonds. Some of the vibrations that occur are illustrated in Figure 8 on the
next page.
When a molecule is exposed to electromagnetic radiation the vibrating
bond will absorb energy if the frequency of the radiation matches the frequency
of the natural molecular vibration. As a result of infrared radiation absorption,
the molecular vibration increases in amplitude. Since each frequency of
radiation absorbed by the molecule corresponds to specific molecular
vibrations, the various kinds of molecular motions of a sample can be seen by
measuring the infrared spectrum. Through interpretation of an infrared
spectrum the kinds of functional groups present in the molecule can be
determined.
19
V
Symmetric Asymmetric
(a) Stretching vibrations
In-plane rocking In-plane scissoring
Out-of-plane wagging Out-of-plane twisting
(b) Bending vibrations
Figure 8. Molecular Vibrations
Essentially the basic components of all dispersion infrared spectrometers
are: a source of infrared radiation, by which the sample is illuminated; a
monochromator, which disperses the radiation beam into its various frequencies
20
and ultimately selects which wavelengths will be examined by the detector.
The detector is the component responsible for tiansforming the energy beam of
various frequencies into an electric signal, which is then amplified. A
simplistic diagram of a double beam infrared spectrometer is seen in Figure 9.
Source
Sample
Reference
Monochromator
Pen drive
mechanism
Detector
Recorded
spectrum
Amplifier
Figure 9. Block diagram ofInfrared Spectrometer
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As can be seen in the diagram, in a double-beam spectrometer, the signal
is amplified thus causing an attenuator to be driven in to the reference beam.
The attenuator reduces the amount of energy from the reference beam until the
sample and reference energies are equal. The magnitude of compensation of
the reference beam to maintain such a balance is a measure of sample
absorption.
22
III. EXPERIMENTAL
First an attempt was made to duplicate the viscosity and precipitation
results obtained in earlier studies of CMC/MgCl2 performed by Therese
Lorentz. Each solution contained a CMC concentration of l.Og/dL as the salt
concentration was varied. The viscosity measurements were taken and the
results were compared to those of the earlier
research.2
A method was developed to separate the CMC from the solution and
Inductively Coupled Plasma Emission Spectroscopy was used to determine the
Mg concentration in solution for the above samples. ICP spectroscopy was then
used to determine the cation concentration remaining in solution for the
CMC/MgCl2, CMC/CaCl2, and CMC/SrCl2 samples from earlier research.
Also, a brief effort was made to characterize the precipitate using infrared
spectroscopy. Spectra were obtained for a CMC blank as well as for the
precipitate of some of the CMC/MgCl2 samples.
23
A. Materials
The commercial grade CMC used in this research was purchased from
the Aqualon Company. The systematic grade name was 7HOF Aqualon (Lot
#65955). Table 1 defines the meaning of 7HOF.
Commercial Grade CMC: 7HOFAqualon
GRADES
Grade Designation Intended Use
Food F Food, cosmetic, pharmaceutical
DEGREES OF SUBSTITUTION
Tvue Substitution Range Sodium Content, %
7 0.65 - 0.90 7.0 8.9
VISCOSITY TYPES
Designation Viscosity Tvue MolecularWeight
H High -700,000
Table I. Aqualon symbol
description5
The divalent salts used were the JT Baker grade magnesium chloride
hexahydrate crystal (MgCl2*6H20), calcium chloride dihydrate crystal
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(CaCl2-2H20) and strontium chloride hexahydrate crystal (SrCl2-6H20). All
solutions and standards were prepared using 18mQ water that was obtained
from a Labconco Water Prodigy Unit (model 90004). All pH adjustments were
made using concentrated 50% sodium hydroxide or glacial acetic acid.
The mixer used to prepare the samples was a G;K. Heller Corporation
type H5T20N equipped with a Series H Motor Controller. The controller
provided an accurate account of the blade speed. The four-propeller blade used
was 2 inches in diameterwith a 9-inch shaft.
B. Solution Preparation
The total solution volume was 500 milliliters. The amount of 18mQ
water added was adjusted according to the amount of water supplied by the
hydrates of salt. Initially three quarters of the total amount of water was added
to a lOOOmL Pyrex beaker. The mixer was then started and the speed adjusted
to approximately 1000 rpm. The weighed CMC was then added slowly in order
to prevent clumping. During this time the remaining water which was held
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back for rinsing was gradually added. Upon complete addition, the mixing
speed was adjusted carefully to ~ 2100 rpm. The solution was mixed for 60
minutes to ensure complete dissolution of the polymer. At this time the
divalent salt was added and mixing was continued for an additional 60 minutes.
During the last ten minutes of mixing the solution pH was adjusted to
7.00 0.15 with 50% concentrated sodium hydroxide or glacial acetic acid. To
prevent any significant volume changes to the solution a micropippette was
used for the pH adjustments. The total mixing time was 120 + 5
minutes.2
Samples were pipetted in lOmL aliquots into 30mL screw cap storage
vials and stored in a cold room. Storing the samples in a cold environment aids
in the control of bacteria growth within the solution.
C. ViscosityMeasurements
All viscosity measurements were made with a Brookfield Digital
Viscometer (RVTDT-II) using the Ultra Low Adaptor. The theory in which the
viscosity data is determined using the ultra low adapter is similar to that
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discussed in the viscosity section. Differences that arise are due only to the
cylindrical set up. (Figure 10)
Figure 10. Concentrical cylinder
The sample used was pipetted into the outer cylinder. The outer cylinder
was then attached over the inner cylinder in such a manner that the space
between the two was occupied by the sample. A shear stress was then supplied
by rotating the inner cylinder. The instrument rpm setting varied depending on
the sample. For solutions of high viscosity the speed ranged as low as 0.5 rpm
27
to as high as 20 rpm. The shear rate variance, however, does not affect the
viscosity
behavior.2
Viscosity data was recorded every 30 seconds for ten minutes after
allowing a five minute stabilization period. The results reported are an average
of the 30-second measurements taken over a two-week period. The viscosity
results reported by T. Lorentz were also averaged over a period of two weeks,
however, the averages were calculated in a slightly different manner.
D. Analysis by ICP Spectroscopy
Determination ofMg, Ca, and Sr was done using a Perkin Elmer Plasma
II Emission Spectrometer linked with a Perkin-Elmer Series 7500 Professional
Computer. Instrument parameters can be found in Appendix A (see p. 78). The
schematic is shown below in Figure 11.
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felly.
plasma
Monochromator
Interface
Detector
/a-&fl-&c\
Figure 11. Schematic ofICP Instrument
Each sample was analyzed in duplicate, and in some cases triplicate. The
samples to be analyzed were removed from the cold room and placed in a water
bath and brought to room temperature (25 2C). Each was filtered
quantitatively with a presterilized 150mL, 0.45|Am Millipore vacuum driven
filter unit containing a 75mm Millipore Prefilter, type AP20. The polymer
contents captured on the filter was transferred to a petri dish and appropriately
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labeled for later analysis. The filtrate was passed through a 250mL, 0.22um
Millipore filter system and diluted. Depending on the original concentration,
the samples were diluted to less than lOOppm of the respective element.
The vacuum pressure was supplied by a Precision vacuum pump (model
DD 195) containing a General Electric 0.5 HP A-C motor (model
5KC37NN76X). The pump was attached to a liquid nitrogen cold trap in order
to prevent the suction of lost solution directly into the motor compartment.
(Figure 12)
To Hood
Millipore
T .
Filter
LiquidNltrgen
Container Vacuum Pump
Figure 12. Diagram offilter apparatus
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The samples were then diluted further and placed into Corning 50mL centrifuge
tubes for analysis. A blank was analyzed with each set of samples. Typically
the instrument was calibrated using four standards including a blank. The
standards contained 20, 50, and lOOmg/mL of the desired metal in 3%
concentrated Nitric acid.
The following elemental wavelengths were used for the analysis:
Element Wavelength (nm)
Magnesium (Mg) 393.366
Calcium (Ca) 279.079
Strontium (Sr) 407.771
Table 2. ICPElemental Wavelengths
The calibration standards were prepared using a 1000-ppm Fisher
Scientific Reference Solution forMg and Ca. A 10,000-ppm ULTRA Scientific
31
Stock solution was used for the Strontium standard. All were prepared in glass
volumetric flasks using 18m Q. H20.
32
IV. SAMPLE CALCULATIONS
The following is the calculation performed for a 6.0M Magnesium
sample. All other calculations are done in the same manner.
Original ionic strength: 6.0M MgCl2 (4.86%)
1 = K2<c'z'2) = y2h.0X^2f}+[2(2.0X-lf] = 6.0M MgCl2
H = charge of species j
ct = concentration of species / = 2.0M
2.0moles Mg, 24.31g Mg . XL , Iflg = 4S62QM8_ Qr ^61Qppm
L Imole Mg 1000/nL lxlO^g mL
10,000ppm = 1% therefore, 48,620ppm = 4.86%wt/wt
Measured [Mg] in diluted sample: 64.9 |ig/mLMg
33
Determined [Mg] in undiluted sample:
64.9^*^^*^ = 48,645^ = 4.86%
mL lOmL \mh mL
Average %Mg determined of several measurements:
4-86+5-56=5.21%0.49
% Mg remaining in solution:
5.21%
4.86%
* 100 = 107% + 10.7%
34
V. DATA AND RESULTS
Figures 13 and 14 are two spectra obtained from the IR analysis of
granular CMC and T. Lorentz's 18.0M MgCl2 precipitate. A list of peaks with
their respective wavelengths can be found in Appendix B.
35
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Table 3 shows the samples prepared for a reproducibility check. The
viscosities and concentration of Magnesium for each sample are reported.
Table 4 displays the average Magnesium concentration determined for each
sample in addition to the percent of Magnesium remaining in solution with
respect to the originalMagnesium amount added.
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Ionic
Strength
(M)
Viscosity
(cps)
OriginalMg
(%)
Determined
Mg in sample
(%)
%RSD
6.0 280 9.3 4.86
4.86 3.36
5.56 1.58
6.5 380 34.4 5.25
5.50 0.74
5.05 0.90
7.0 338 35.6 5.66
5.37 1.56
4.24 0.95
7.5 378 42.3 6.08
6.26 0.17
6.58 1.30
8.0 349 13.4 6.49
7.00 1.49
7.93 0.77
16.0 1.07E334.6 13.0
9.28 2.00
10.1 0.60
9.56 0.50
16.0 (no
CMC)
13.0
13.8 0.88
14.1 3.98
13.8 3.19
Table 3. %Magnesium results
(samples for duplication and comparison to T. Lorentz viscosities)
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Ionic
Strength (M)
Viscosity
(cps)
OriginalMg
(%)
AverageMg
in sample
(%)
Mg
remaining in
solution
(%)
6.0 280 9.3 4.84 5.21 0.49 107
6.5 380 34.4 5.25 5.28 0.32 101
7.0 338 35.6 5.66 4.81 0.80 84.9
7.5 378 42.3 6.08 6.42 0.23 106
8.0 349 13.4 6.49 7.47 0.66 >110
16.0
1.07xl03
34.6
13.0 9.65 0.42 74.2
16.0
(no CMC)
13.0 13.9 0.17 106
Table 4. Average %Magnesium results
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Figure 15 displays the viscosity and ionic strength comparison for the
solutions prepared for reproducibility purposes.
Figure 16 shows the relationship of ionic strength versus percent
Magnesium remaining in solution, (see Appendix C for standard deviation data)
The relationship between viscosity and the percent Mg remaining in
solution with respect to the original amount is plotted in Figure 17.
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Figure 15. Comparison of viscosity results for T. Henderson
and T. LorentzMagnesium samples
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Figure 16. Ionic Strength vs. %Mg remaining in solution
(Samples prepared by T. Henderson)
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Figure 17. %Magnesium vs. Viscosityfor samplesprepared
for comparison to T. Lorentz results
44
Some of the CMC MgCl2 samples prepared by T. Lorentz were analyzed
by ICP. Table 5 lists the results of Magnesium concentration determined in
each sample and the original Magnesium concentration.
Table 6 reports the percent of original Magnesium concentration that
remained in solution for each ionic strength.
Table 7 shows the average percent Mg in solution and viscosities for the
respective samples.
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Ionic Strength
(M)
Original Mg
(%)
DeterminedMg
in sample
(%)
%RSD
0.0 0.0 <D.L.
3.0 2.43
2.60 0.5
2.65 1.0
5.0 4.06
5.05 0.3
5.19 0.6
6.0 4.84
5.18 0.4
5.25 0.1
7.0 5.66
5.05 1.1
5.19 0.9
8.0 6.49
4.40 1.2
4.73 1.0
10.0 8.09
6.56 1.4
5.64 1.9
13.0 10.5
7.88 0.6
9.45 0.0
*15.0 12.2
10.9 1.1
9.47 0.4
10.8 0.5
*18.0 14.6
7.69 1.8
8.32 0.4
10.2 1.8
Table 5*. Magnesium concentrationsfor T. Lorentz's samples
*
each sample contained a precipitate
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Ionic Strength
(M)
Average Mg
in sample
(%)
Standard
Deviation
%Mg
remaining in
solution
0.0
3.0 2.63 0.04 108
5.0 5.12 0.10 110
6.0 5.21 0.05 107
7.0 5.12 0.10 90.3
8.0 4.57 0.23 70.4
10.0 6.10 0.65 75.4
13.0 8.67 1.11 82.5
*15.0 10.4 0.80 85.1
*18.0 8.74 1.31 59.9
Table 6*. %Magnesium remaining in solution
'
each solution contained a precipitate
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Ionic Strength
(M)
% Mg remaining
in solution Viscosity
(cps)
0.0 352.1
3.0 108 207.9
5.0 110 245.1
6.0 107 252.7
7.0 90.3 6784.4
8.0 70.4 6979.3
10.0 75.4 7103.6
13.0 82.5 8504.9
*15.0 85.1 6840.3
Table 7. %Magnesium remaining in solution with corresponding viscosities
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Figure 18 represents the relationship between ionic strength and percent
Mg remaining in solution, (see Appendix C for standard deviation data) Figure
19 is a graph of viscosity versus percentMg remaining in solution.
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Figure 18. Ionic Strength vs. %Mg remaining in solution
(with standard deviation)
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Figure 19. Viscosity vs. %Mg remaining in solution
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Table 8 reports the results of the CMC/CaCl2 sample analysis. The
duplicate Calcium concentration for each sample is reported with the original
Calcium amounts.
Table 9 shows the average Calcium concentration determined for each
ionic strength and the percent of original Calcium remaining in solution.
The viscosities and the percent Calcium remaining in solution for the
respective ionic strengths are shown in Table 10.
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Ionic Strength
(M)
Original Ca
(%)
Determined Ca
in sample
(%)
%RSD
0.0 0 < D.L.
1.0 1.32
0.85 0.40
1.01 1.10
2.0 2.69
2.39 0.37
1.90 0.87
3.0 4.01
2.59 1.28
3.08 0.58
3.5 4.69
3.16 1.30
3.12 1.02
4.0 5.33
1.52 1.04
1.98 1.72
9.0 12.0
6.10 2.17
6.60 1.04
Table 8. Calcium concentrationsfor T. Lorentz's Samples
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Ionic Strength
(M)
Average Ca
in sample
(%)
Standard
Deviation
% Ca remaining
in solution
0.0 < D.L.
1.0 0.93 0.11 71.0
2.0 2.15 0.35 79.9
3.0 2.84 0.35 71.0
3.5 3.14 0.03 67.0
4.0 1.75 0.33 32.8
9.0 1.61 0.35 13.0
Table 9*. % Calcium remaining in solution
each solution contained a precipitate
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Ionic Strength
(M)
% Ca remaining
in solution Viscosity
(cps)
0.0 352.1
1.0 71.0 775.2
2.0 79.9 591.4
3.0 71.0 702.8
3.5 67.0 785.5
4.0 32.8 909.7
9.0 13.0 2749.2
Table 10*. % Calcium remaining in solution with corresponding viscosities
each solution contained a precipitate
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Figures 20 and 21 displays the ionic strength plotted against the percent
Calcium remaining in the solution and viscosity versus the percent Calcium
remaining in solution for the results listed in Table 10. (see Appendix C for
standard deviation)
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Figure 20. Ionic Strength vs. % Ca remaining in solution
(with standard deviation)
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Figure 21. Viscosity vs. % Ca remaining in solution
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Table 1 1 shows the results of the percent Strontium concentrations for
each sample and the original Strontium content for T. Lorentz's CMC/SrCl2
solutions. Table 12 reports the average percent Strontium concentration for
each sample and the percent Strontium remaining in solution with respect to the
original concentration.
Table 13 presents the percent Strontium remaining in solution with the
viscosities for each of the CMC/SrCl2 solutions.
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Ionic Strength
(M)
Original Sr
(%)
Determined Sr
in sample
(%)
%RSD
0.0 0 < D.L.
1.0 2.89
1.17 1.10
0.99 1.50
2.0 5.87
3.62 1.20
4.32 1.80
3.0 8.76
3.36 0.15
3.17 0.55
4.0 11.7
5.03 0.09
5.19 1.30
6.0 17.5 15.5 1.30
7.0 20.4
13.3 1.90
11.2 1.10
8.0 23.4 15.9 2.40
Table 11. Strontium concentrationsfor T. Lorentz's samples
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Ionic Strength
(M)
Average Sr
in sample
(%)
Standard
Deviation
% Sr remaining
in solution
0.0 < D.L.
1.0 1.10 0.13 38.1
2.0 3.98 0.49 67.8
3.0 3.27 0.13 37.3
4.0 5.11 0.11 43.7
6.0 15.5 88.6
7.0 12.3 1.5 60.3
8.0 15.9 67.9
Table 12. % Strontium remaining in solutionfor T. Lorentz's samples
61
Ionic Strength
(M)
% Sr remaining
in solution Viscosity
(cps)
0.0 352.1
1.0 38.1 5561.1
2.0 67.8 3494.8
3.0 37.3 3416.4
4.0 43.7 1578.8
6.0 88.6 397.6
7.0 60.3 132.3
9.0 67.9 53.3
Table 13. % Strontium remaining in solution with corresponding viscosities
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The relationship between ionic strength and percent Strontium remaining
in solution is shown in Figure 22. Figure 23 displays viscosity of T. Lorentz's
CMC/SrCl2 solutions versus percent Strontium remaining in solution.
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Figure 22. Ionic Strength vs. % Sr remaining in solution
(with standard deviation)
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Figure 23. Viscosity vs. % Sr remaining in solution
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VI. DISCUSSION
It was initially believed that the precipitation observed in samples from
the earlier research of maximum viscosities determination was
carboxymethylcellulose.2 The IR data obtained in this study showed that this
was not the case. Figure 14 (p. 36) can be compared with Figure 13 (p. 35) to
show that the identity of the CMC/1 8.0MgCl2 sample precipitate is more
complex than that of CMC. The major peaks recorded in the granular CMC
spectra were 3434, 1609, 1422 and 1327cm"1. Whereas those of the
CMC/MgCl2 sample were 3433, 1523, 1412 and 1161cm"1. These results may
be due to the occurrence of polymer cross-linking.
The CMC/MgCl2 samples prepared in this study were primarily for the
metals analysis by the ICP method developed. It was expected that the samples
would reproduce the results from the earlier research but that did not occur. An
advantage of the ICP method was the ability to provide accurate results with
minor variation between duplicate samples.
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The ICP technique employed was determined to be successful because
the standard deviations of the duplicate results for each Magnesium
concentration indicated a less than ten percent deviation. For this research
purpose a less than fifteen percent deviation was considered acceptable.
Deviations of this magnitude still allowed the opportunity to determine any
existing graphical trends. There is confidence that if required, this method
could provide results with greater precision (i.e. less than five percent
deviation). However, it is recommended that each sample be analyzed in
triplicate. The standard deviations reported for the duplicates are evidence that
ICP Spectroscopy is a reliable technique for the given purpose (see Tables 3&4,
pp. 39-40).
An increase in viscosity resulted as the ionic strength increased for T.
Lorentz's samples, however, for the samples prepared in this study this did not
occur. The 6.0M MgCl2 sample was almost identical to T. Lorentz's sample in
viscosity but as the ionic strength increased the viscosities remained stable (see
Table 4, p. 40 and Figure 15, p. 42). More importantly, no precipitate ever
formed in the 16.0M MgCl2 sample.
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For ionic strengths of 6.0 - 8.0M, the percent Magnesium remaining in
solution indicates full recovery of Magnesium with the exception of the 7.0M
sample. However, the percent Magnesium recovered decreased as the ionic
strength was increased to 16.0M (see Table 4, p. 40). For the 16.0M MgCl2
containing no CMC, the full recovery of Magnesium further supports the ICP
spectroscopy as an accurate method of analysis.
Figure 17 (p. 44) shows that as the sample viscosities are between 250
and 400 cps, the percent Magnesium remaining in solution is between 85 and
110 percent.
The duplicate results for the Mg determination of T. Lorentz's sample
were very close for the samples ranging from 3.0M
- 10.0M (Table 5, p. 46).
As expected the 0.0M MgCl2 showed no presence ofMagnesium. As the ionic
strength increased from 13.0M to 18.0M the standard deviation between the
duplicates (13.0M) and the triplicates (15.0M and 18.0M) became greater (see
Table 6, p. 47). The variance was minor enough that the values were still
acceptable, however, this was an indication that as the ionic strength increases
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limitations may exist with the sample analysis. The amount of precipitate
present may reach a point were it hinders the amount of solution transferred
during the filtering step. In Table 6 (p. 47), it was shown that at lower ionic
strengths, 3.0M - 6.0M, full recovery of the Magnesium was achieved.
However as the ionic strength reached 7.0M there was a considerable decrease
in the percent Magnesium remaining in solution with the lowest percent
corresponding to the highest ionic strength, 18.0M MgCl2, solution. The 15.0M
and 18.0MMgCl2 solution contained a precipitate.
It was determined that the decrease in percent Magnesium occurring
between 6.0M and 7.0M MgCl2 corresponds directly with the vast increase in
viscosity (Table 7, p. 48). The reason for this is unknown.
Figures 18 (p. 50) shows that as the ionic strength increases there is a
gradual decline in percent Magnesium between 2.0M and 8.0M MgCl2 with the
lowest point occurring at 8.0M MgCl2. It appears that this decline is then
followed by a subtle increase in percent Magnesium from 8.0M to 15.0M
MgCl2. However, additional data would be needed to determine if the increase
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is statistically significant. In Figure 19 (p. 51), the plot indicates a decrease in
percent Magnesium remaining in solution where there is a considerable
viscosity increase. The samples with low viscosities (3.0M - 6.0M) show high
percent Magnesium remaining in solution, as was seen in the Figure 17 (p. 44)
plot.
The duplicate results in Table 8 (p. 53) show good correlation according
to the standard deviation, indicating that the Calcium determinations were
successful too. It was not surprising that there was a trace ofCalcium found for
the 0.0M CaCl2 sample. The largest concentration was determined to be in the
9.0M CaCl2 sample. The average Calcium concentration in the sample
increases as the ionic strength increases and a maximum occurs at 3.5M
followed by a decrease. The percent Calcium remaining in solution displays a
slightly different trend. There appeared to be an increase from 71% to 79.9%
from 1.0M to 2.0M. From 2.0M to 9.0M, there was a marked decrease in the
percent Calcium remaining in solution (see Figures 20, p. 57).
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As the viscosities of the CMC/CaCl2 samples increase between the ionic
strengths of 2.0M and 9.0M CaCl2 there was a considerable decrease in the
percent Calcium remaining in solution (see Table 10, p. 55). A similar trend
was illustrated with the CMC/MgCl2 results of Table 7 (p. 48).
The Figure 20 (p. 57) plot of ionic strength versus percent Calcium
remaining in solution is further evidence of the similar relationship between the
MgCl2 and CaCl2 samples. As the ionic strength increases from 1.0 to 2.0M,
there is less than a ten percent increase in percent Calcium in solution.
However, from 2.0M to 9.0M a decrease takes place with the greatest decline
happening between 3.5M and 4.0M. Figure 18 (p. 50) showed a steady increase
in percent Magnesium remaining in solution following the decrease. This
increase was absent in the Calcium plot (Figure 20, p. 57).
In Figure 21 (p. 58), the percent Calcium remaining in solution decreases
as the viscosity increases. This gives rise to speculation that a greater number
of Calcium cations are involved in electrostatic associations with the CMC,
thus contributing to possible polymer cross-linking. An analysis of the
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precipitates for the respective ionic strengths would give insight regarding this
theory.
The concentration results for the duplicate Strontium samples also
support the ICP method of analysis. The duplicate results are in agreement for
ionic strengths of 1.0M Sr to 4.0M Sr. Due to a limited supply of 6.0M and
8.0M Sr samples only results for a single sample were obtained. The 7.0M Sr
duplicates vary slightly in concentration. The variance is attributed to the fact
that the higher ionic strength Strontium samples had almost completely
separated and became predominately of a polymer phase. As a result of the
increase in polymer phase it became more difficult to filter the solution.
Unlike the Magnesium and Calcium results there were no apparent trends
in Table 12 (p. 61). The results of concentration of Strontium in the sample and
the percent Strontium remaining in solution appeared to have an unexpected
randomness. The percent Strontium remaining in solution was greatest at 6.0M
Sr, while the lowest percentage Sr obtained corresponded with the 3.0M Sr
sample (Table 13, p. 62).
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In Figure 22 (p. 64), the percent Strontium remaining in solution
increases overall as the ionic strength increases. During the percent Strontium
increase, however, there are two occurrences where there are two marked
increases (1.0M to 2.0M), followed by a decrease (4.0M to 6.0M). The
associated error bars indicate that these changes were of statistical significance.
Figure 23 (p. 65) shows a trend that is similar to the viscosity versus
percent Strontium remaining in solution for the Magnesium and Calcium
samples. There was a decrease in percent Strontium as the viscosity increased.
Once again the greatest viscosity corresponded to the lowest percent
Magnesium remaining in solution.
The relationships between the cation percentage remaining in solution
and ionic strength or viscosity have yielded puzzling results. Further studies of
the trends are necessary to fully understand the implications.
All of the sample cation concentrations determined by ICP Spectroscopy
support the elemental analysis capability of the technique. The reproducibility
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achieved by each set of duplicates is proof of the method precision. Any
discrepancies in the duplicate results may be due to the filtering or sample
dilution steps.
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VII. CONCLUSION
The main objective of this study was to develop a method that would
provide a means of determining the metal cation concentration within various
CMC solutions. This goal was successfully met using Inductively Coupled
Plasma Spectroscopy. The key metals of interest were Magnesium, Calcium,
and Strontium.
It was determined that filtering the solutions through 0.45um and 0.22um
Millipore vacuum filters efficiently separated the polymer from solution, thus
allowing the cations remaining in the solution to be quantified. All of the
results obtained were evidence that for the given purpose this was an accurate
and precise technique. However, it is also believed that accuracy and precision
limitations within the filtration step may exist depending on the viscous nature
of the sample.
Infrared spectroscopy was also used for the prehminary investigation of
the precipitate separated from solution. These results indicated that the identity
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of the precipitate was different than the pure CMC. This refutes the initial
theory that the CMC was salting out. When compared, the major IR peaks for
the pure CMC sample were different than the CMC/MgCl2 precipitate sample.
The conclusion drawn by the variation in IR spectra was that the addition of
metal cations may cause polymer cross-linking of some kind. The attempts at
reproducing the precipitation were not successful. An initial thought was that
the pH's of the solutions for the first study were in a range where polymer
precipitation occurs. Another possibiHty was that the structure of the stock
CMC might have been altered as a result of the hygroscopic characteristics or
bacterial degradation. For reasons not yet determined such alterations may
account for the lack of precipitation.
No apparent trends regarding the percentage of cations remaining in
solution versus viscosity or ionic strength were detected. Further inspection of
the results of percent cations remaining in solution indicated that two possible
binding situations are possible: site and territorial
binding.8 The number of
theoretical linkage sites for a five gram sample of CMC were calculated and
revealed that if a counterion were to site bind with two available anionic sites,
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saturation of a CMC chain would occur between 0 and 2.0M. Therefore, if
counterions are introduced into solution beyond this point and remain with the
CMC removed by filtration this would be evidence of territorial binding.
The territorial binding is more of a regional association between the
cations and polymer governed by Van der Waal forces. The question must be
asked as to whether or not the cations effect on the conformation of the polymer
at high ionic strengths is actually identical in all cases.
Further attempts of characterization of the precipitates from each study
would lend insight as to the composition of the polymer in each situation.
Areas of future studies may include additional IR analyses, NMR Spectroscopy,
Chromatography and thermal analysis. Each of these analytical techniques can
offer valuable information to see if the polymer has degraded. Also, attempts at
reproducing the precipitation viscosity results should be attempted. The study
of CMC in the presence of trivalent cations or quartenary ammonium salts
should also be explored.
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APPENDIX A
ICP Instrument Parameters
RF Power Supply
Frequency 27.12MHz
RF Output Impedance 50 Ohms
Power Output 1000 Watts
Flow Controls
Nebulizer l.OL/min
Auxiliary l.OL/min
Plasma 15 L/min
Equilibration Time 15s
Peristolic Pump Rate l.OmL/min
PMTGain
Magnesium
Calcium
Strontium
400 volts
400 volts
600 volts
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APPENDIX B
LIST OF IR PEAKS
Granular CMC:
18.0M Mg Precipitate:
*-~s start end min ma;; -es 3-3 ac:
7 = 01 4000.00 400.00 0.72 6.05 4.00 V.T i;
7.22 2000.00 4. 57
".0 i-""3 1523.0 0.86 1442.0 0.72 1161.0 7.7? 247,
:?.: : . :? 423.0 1.11
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APPENDIX C
STANDARD DEVIATION DATA
Ionic Strength % [Mg] remaining in
solution
Standard Deviation
3.0 108 1.88
5.0 110
6.0 107 1.23
7.0 90.3 1.93
8.0 70.4 3.56
10.0 75.4 8.03
13.0 82.5 10.6
15.0 85.1 6.70
18.0 59.9 8.93
TableA-l. StandardDeviationforMgCl2 (Figure 18)
Ionic Strength
% [Mg] remaining in
solution
Standard Deviation
6.0 107 10.7
6.5 101 5.67
7.0 84.9 14.2
7.5 106 3.38
8.0 > 110 15.3
16.0 74.2 3.26
16.0 (no CMC) 106 2.23
Table A-2. StandardDeviation forMgCl2 (Figure 16)
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Ionic Strength [Ca] remaining in
solution (%)
Standard Deviation
1.0 71.0 7.79
2.0 79.9 13.0
3.0 71.0 8.55
3.5 67.0 0.59
4.0 32.8 6.22
9.0 13.0 3.33
TableA-3. StandardDeviationfor CaCl2 (Figure 26)
Ionic Strength [Sr] remaining in
solution (%)
Standard Deviation
1.0 38.1 4.46
2.0 67.8 8.34
3.0 37.3 1.51
4.0 43.7 0.92
6.0 88.6
7.0 60.3 7.34
8.0 67.9
Table A-4. StandardDeviation for SrCl2 (Figure 22)
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